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Th.is r e p o r t  i s  s u b m i t t e d  i n  compl iance  with. the 
c o n t r a c t u a l  o b l i g a t i o n  o u t l i n e d  i n  Cont rac t  
NASw-439 between t h e  N a t i o n a l  A e r o n a u t i c s  and 
Space A d m i n i s t r a t i o n  and Bell H e l i c o p t e r  Company. 

The t i t l e ,  "Research. on U t i l i z a t i o n  of P a r t  Task 
S p a t i a l  O r i e n t a t i o n  In fo rma t ion  i n  t h e  Dynamic 
S imula tor" ,  wh.ich i d e n t i f i e d  th.e i n i t i a l  p r o p o s a l  
h.as a l s o  been used  f o r  t h . i s  r e p o r t .  
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F i f t e e n  p r o f e s s i o n a l  p i l o t s  and a l i ke  number of R . 0 , T . C -  s t u d e n t s  
were used a s  subjects i n  e s t a b l i s h . i n g  the r e l a t ive  d i f f i c u l t y  i n  
c o n t r o l l i n g  f o r  p i tch ,  r o l l ,  yaw and a l t i t u d e  when these p a r a -  
meters were p r e s e n t e d  i n  a l l  p o s s i b l e  combina t ions  w i t h  one a n o t h e r .  
The Bell s i m u l a t o r  was used with the Norden v e r t i c a l  d i s p l a y  serv- 
i n g  a s  t h e  media f o r  i n f o r m a t i o n  t r a n s m i s s i o n .  
and c o n t r o l  p o s i t i o n  were r eco rded  and were l a t e r  c o n v e r t e d  i n t o  
e r r o r  and i n e f f i c i e n c y  scores, 

While h i g h l y  s i g n i f i c a n t  i n  a s t a t i s t i c a l  s e n s e ,  the d i f f e r e n c e s  
between c o n d i t i o n s  w e r e  cons ide red  t o  be of l i m i t e d  therore t ica l  
in te res t .  The p r imary  c o n t r i b u t i o n  of the s t u d y  was i n  i t s  
comparison of the d i f f e r e n t  i n d i c e s  of  e r r o r  ( a b s o l u t e ,  squa red  
and s t a n d a r d  d e v i a t i o n )  and the measures of i n e f f i c i e n c y ,  

It was concluded  t h a t  the s t a n d a r d  d e v i a t i o n  is the most s e n s i t i v e  
of the e r r o r  measurements and t h . a t  a n  i n d e x  o f  i n e f f i c i e n c y  (pro-  
duc t  of  the error and the  r a t e  of c o n t r o l  movement)is more s e n s i -  
t i v e  of  e r r o r  a l o n e .  

Momentary e r r o r  

0 
I 
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I. INTRODUCTION 

T h i s  s tudy presumes t o  examine t w o  genera l  r e sea rch  a reas .  Erst, 
i t s  i n t e n t  i s  t o  desc r ibe  t racking  behavior a s  a consequence of 
t a s k  complexity where complexity r e l a t e s  t o  t h e  number of sub- 
t a sks  making up the  composite e f f o r t .  Second, var ious a n a l y t i c a l  
procedures a r e  examined with t h e  purpose of determining t h e i r  rela- 
t i v e  value t o  t he  desc r ip t ion  of  t r ack ing  performance. 

H i s t o r i c a l l y ,  t h e  sys temat ic  s tudy of t r ack ing  performance begins 
on a t h e o r e t i c a l  r a t h e r  than on an app l i ed  l e v e l .  The procedures 
and methods of measurement developed i n  t h i s  e a r l y  work cont inue 
t o  e x e r t  some inf luence  on contemporary th inking ,  although t h e  
emphasis has g r e a t l y  a l t e r e d .  The o r i g i n a l  work w a s  performed i n  
an e f f o r t  t o  desc r ibe  human behavior and c a p a b i l i t i e s  i n  a very 
genera l  way. More r e c e n t l y ,  t h e  t rend  has been toward a desc r ip -  
t i o n  of machines as they a r e  operated upon by the  human. Compari- 
son i s  made of systems by u t i l i z i n g  t h e  human opera tor  as the- c r i -  
ter ia  f o r  eva lua t ion  o r  judgment. This approach has become more 
pronounced with t h e  development of s imula tors  which are used f o r  
t r a i n i n g  and experimental purposes. These devices can be used 
e i t h e r  f o r  very p r a c t i c a l  and s p e c i f i c  purposes o r  as t o o l s  f o r  
t h e o r e t i c a l  research .  This v e r s a t i l i t y  has produced some confu- 
s i o n  i n  t h e i r  use.  When t h e  experimental  e f f o r t  i s  pr imar i ly  re- 
l a t e d  t o  ques t ions  of human a b i l i t y ,  a somewhat d i f f e r e n t  approach 
i s  r equ i r ed  than  when t h e  questions p e r t a i n  t o  system u t i l i z a t i o n .  
Some measurements, f o r  example, w i l l  be appropr ia te  t o  one type of 
r e s e a r c h ,  bu t  of dubious value t o  t h e  o the r .  

I n  t h e  opera t ion  of a p a r t i c u l a r  a i r c r a f t ,  i t  i s  reasonable  t o  i n -  
qu i r e  i n t o  t h e  disadvantages of g iv ing  the  p i l o t  t a sks  t o  perform 
i n  a d d i t i o n  t o  those f o r  which he i s  a l ready  respons ib le .  In  such  
a s tudy ,  t h e  independent va r i ab le s  can be s p e c i f i e d  and s u i t a b l e  
measures of performance can be cont r ived .  

A s  a t h e o r e t i c a l  study (one i n  which t h e  d a t a  can be ex t r apo la t ed  
upon i n  a p p l i c a t i o n  t o  a number of d i s s i m i l a r  s i t u a t i o n s ) ,  however, 
t h e  quest ion of performance as a func t ion  of t a s k  loading  i s  d i f f i -  
c u l t  t o  answer s i n c e  i t  is impossible t o  ope ra t iona l ly  de f ine  t h e  
term "task" without narrowing i t  t o  t h e  poin t  where i t  no longer  
r e t a i n s  any genera l  value.  

Added t o  t h i s  i s  the  f a c t  t ha t  t h e  measure of performance i s  no t  
a very  ob jec t ive  way of descr ibing human behavior s i n c e  by i t s  
very n a t u r e ,  i t  sets up an ex te rna l  and poss ib ly  a r b i t r a r y  cr i -  
t e r i a .  

In  r e t r o s p e c t ,  t h e  present  study does not  appear t o  have avoided 
these d i f f i c u l t i e s .  Its p r i n c i p l e  m e r i t  perhaps l i e s  i n  the  f ac t  
t h a t  i t  br ings  some of these  problems i n t o  sharper  focus .  

1 



11, STArEMENI' O F  'THE PROBLEM 

There i s  a considerable  amount of l i t e r a t u r e  i n  t h e  area of con- 
t r o l  a s  i t  i s  a f f e c t e d  by the  amount, t h e  complexity and t h e  per- 
c e p t u a l  u n i t y  of t h e  sub- t a sks  involved. These s t u d i e s  have o f -  
t e n  been ca tegor ized  i n t o  s u c h  research areas as work load ,  p a r t  
t a s k  versus  whole t a sk  t r a i n i n g ,  t r a n s f e r  of t r a i n i n g ,  e tc .  De-  
s p i t e  t h e  obvious commonality of t hese  s u b j e c t s ,  i t  i s  d i f f i c u l t  
t o  t a k e  a sys temat ic  account o f  t h e  r e s u l t s .  The reason f o r  t h i s  
i s  due, t o  some e x t e n t ,  t o  the fac t  t h a t  many d i f f e r e n t  types of 
t a sks  have been involved. Some made u s e  of discrete and discon- 
t inuous events  l i k e  throwing a switch o r  opening a valve.  Others 
r equ i r ed  continuous manipulation s u c h  as t r ack ing  t h e  o s c i l l a t i o n s  
of a s i g n a l  on a CRT, S t i l l  o t h e r s  r e q u i r e  ve rba l  responses.  O f -  
t e n  t h e  s t u d i e s  make simultaneous involvement of a l l  these  elements. 

Added t o  t h i s  he te rogenei ty  is t he  f a c t  t h a t  t h e r e  i s  l i t t l e  agree- 
ment on w h a t  c o n s t i t u t e s  a desc r ip t ion  of performance. Some workers 
r e p o r t  e r r o r s  w h i l e  o thers  analyze t i m e  t o  respond o r  t i m e  on tar& 
g e t .  The p o s s i b i l i t i e s  f o r  measurement o r  eva lua t ion  are apparent ly  
i n f i n i t e ,  being l i m i t e d  only by t h e  exper imenter ' s  judgment of rele- 
vance. This i s ,  of c o u r s e ,  understandable s i n c e  i t  i s  the  na tu re  
of t a sks  t o  d i f f e r , g r e a t l y .  The cr i ter ia  f o r  eva lua t ion  w i l l  a l s o  
d i f f e r  if t h e  work i s  t o  have any a p p l i c a b i l i t y  t o  t h e  problem areas 
s e l  ec t ed . 
The present  i n v e s t i g a t i o n  does not presume t o  set t le  these  ques- 
t i o n s  and c e r t a i n l y  no c r i t i c i s m  i s  d i r e c t e d  toward any previous 
work. It does,  however, attempt t o  b r ing  t h e  problem i n t o  some- 
w h a t  b e t t e r  pe r spec t ive  by considering a l t e r n a t i v e  methods of m e a -  
s urement . 
The f i r s t  cons ide ra t ion ,  and perhaps t h e  one f o r  which t h e r e  i s  
no s a t i s f a c t o r y  t h e o r e t i c a l  basis f o r  s e t t l e m e n t ,  i s  simply a 
ques t ion  of d e f i n i t i o n .  What i s  t h e  proper  u n i t  f o r  t h e  descr ip-  
t i o n  of a t a s k ?  I n  common usage, and indeed i n  s c i e n t i f i c  descr ip-  
t i o n ,  t h e  a p p l i c a t i o n  of t h e  t e r m  i s  a l t o g e t h e r  a r b i t r a r y .  It may 
c o n s i s t  of an eyebl ink ,  dr iv ing  a car o r  being p res iden t  of a corpo- 
r a t i o n .  
analyze i t  i n t o  two tasks :  one involving f l i g h t  c o n t r o l  and t h e  
o t h e r  engine con t ro l .  Each o f  t hese  can undergo f u r t h e r  fragmenta- 
t i , o n . o r  a n a l y s i s .  S t i l l  o the r  d i v i s i o n s  can be made such as con- 
s i d e r i n g  naviga t ion  and a i r c r a f t  c o n t r o l  t o  be s e p a r a t e  t a s k s .  It' 
i s  ev ident  t h a t  a l l  of these d i v i s i o n s  are a b s t r a c t ,  being c rea t ed  
f o r  a n a l y t i c a l  convenience. 

W e  can speak o f l p i l o t i n g  an a i r c r a f t  as a t a s k  o r  we can 

This d i scuss ion  i s  t o  engage i n  something o t h e r  than  t h e  controversy 
o f 'whe the r i the  basic u n i t s  of behavior  are t o  be descr ibed i n  molar 
o r  molecular t e r m s .  Whatever can be s a i d  f o r  t h e  impeccabi l i ty  of  
i t s  l o g i c ,  i t  should be obvious tha t  a d e s c r i p t i o n  of p i l o t i n g  be- 
havior  based upon muscle twitches would be imprac t ica l .  The ques- 
t i o n  then i s  not  whether t h e  u n i t s  of t a s k  d e s c r i p t i o n  should in-  
volve complex and heterogeneous elements ,  s i n c e  i t  i s  ev ident  
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t h a t  they must, but r a t h e r  i t  m u s t  concern i t s e l f  wi th  t h e  s e l e c t i o n  
of o p e r a t i o n a l l y  s i g n i f i c a n t  c r i t e r i a  which can be appl ied  t o  
t h o s e  c o l l e c t i o n s  w e  employ. The d i f f i c u l t y  transcends the  pro- 
blem of communicating with people who read such r e p o r t s  a s  t h i s .  
The s u b j e c t s  of an experiment a r e  a l s o  caught up i n t o  the  a r t i -  
f i c i a l i t i e s  of i t s  a n a l y s i s .  The sub jec t  may be t o l d  t o  hold a 
symbol i n  t h e  cen te r  of a CRT d i s p l a y  by moving a c o n t r o l  s t i c k  
l a t e r a l l y  when the  symbol makes sideways excursions and t o  push 
i t  f o r e  and a f t  when i t  moves u p  o r  down. 
almost unconsciously f a l l  i n to  t h i s  manner of speaking i f  he i n -  
tends t o  analyze t h e  da t a  i n  t e r m s  o f  an X-Y coord ina te  system. 
Y e t  X and Y coord ina tes  a r e  not t h e  perceptua l  endowment of a l l  
humans. Indeed they a r e  inna te  t o  none. 

The experimenter would 

On t h e  o t h e r  hand, t he  experimenter can simply t e l l  t h e  s u b j e c t  
t o  keep t h e  symbol i n  t h e  cen te r  of t h e  scope by moving the  l e v e r  
i n  a d i r e c t i o n  he w i l l  subsequently f i n d  t o  be appropr i a t e .  

Each of t hese  i n s t r u c t i o n s  a re  t o  some degree p r e j u d i c i a l  t o  ex- 
perimental  c o n t r o l .  The f i r s t  almost c e r t a i n l y  i m p l i e s  t o  t h e  
s u b j e c t  t h a t  two tasks  are involved. The second suggests  t h a t  a 
u n i t a r y  approach i s  t o  be taken. Ei ther  o r  both may be inappro- 
p r i a t e  when a n a l y s i s  i s  made. 

One i s  almost tempted t o  recommend t h a t  perceptual  u n i t i e s  be em-  
ployed as t h e  i n d i v i s i b l e  quanta of motor performance but  t h i s ,  
t o o ,  i s  not without i t s  d i f f i c u l t i e s .  By perceptual  u n i t y ,  one 
would mean those tasks  t h e  subjec t  sees as being necessary and 
s u f f i c i e n t  f o r  t h e  c o n t r o l  of a parameter. 
c o p t e r ,  those  a spec t s  most c lose ly  a s soc ia t ed  wi th  t h e  c y c l i c  
( p i t c h  and r o l l )  would perhaps be perceived i n  some u n i f i e d  con- 
t e x t  while a l t i t u d e  (which depends pr imar i ly  upon t h e  c o l l e c t i v e  
s t i c k )  would have an independent s t a t u s .  The problem he re ,  of 
course ,  i s  t h a t  s u b j e c t s  would d i f f e r  between themselves and even 
t h e  same s u b j e c t  would change h i s  conceptual o rgan iza t ion  of t h e  
t o t a l  t a s k  as t h e  experiment progressed. 

Thus i n  f l y i n g  a h e l i -  

The reason f o r  t h i s  preoccupation wi th  t h e  problem of t a s k  i d e n t i -  
f i c a t i o n  should be ev ident .  To many workers, i t  seems reasonable  
t o  inquire  i n t o  t h e  r e l a t i o n s h i p  between performance and work load.  
The problem a r i s e s ,  however, i n  t r y i n g  t o  give q u a n t i t a t i v e  expres- 
s i o n  t o  work load  i n  a manner t h a t  i s  independent of t h e  performance 
measurement. This i s  t o  say  t h a t  t he  independent v a r i a b l e  must be 
def ined  d i f f e r e n t l y  than  t h e  dependent v a r i a b l e  i s .  To Task A i s  
added Task B. Aside from any measure of performance, i t  i s  doubt- 
f u l  i f  t h e  work load  has been e x a c t l y  doubled s i n c e  t h e  t a sks  may 
be s e p a r a t e l y  unequal. Some c o e f f i c i e n t  of adjustment could con- 
ce ivab ly  be made f o r  t hese  d i f fe rences  if i t  w e r e  t r u e  t h a t  i n  
r e a l i t y  t h e  work load w a s  a d d i t i v e ,  d e s p i t e  t h e  d i f f e r e n t  s c a l e s  
of measurement. But i t  i s  almost c e r t a i n  t h a t  t h e  a d d i t i v e  p r i n -  
c i p l e  does no t  always apply.  Not only i s  t h e  composite of A and 
B n o t  t w i c e  as g r e a t  i n  work load  than A o r  B but t h e r e  are i n -  
s t a n c e s  where the  aggregate  of A and B produce less e r r o r  than 
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A o r  B taken sepa ra t e ly .  Some t a sks  i n t e g r a t e  with o the r s  t o  t h e  
advantage of each. Others produce c o n f l i c t s  which y i e l d  unex- 
pected accumulations of e r r o r .  

In t ry ing  t o  g ive  graphic  desc r ip t ion  t o  t h e  performance-work 
load  func t ion ,  t h e  experimenter has an o rd ina te  (performance) 
but appears t o  have an absc issa  (work load as measured by t a s k  
a n a l y s i s )  whose poin ts  may migrate and a t  t i m e s  t ranspose  them- 
s e l v e s .  I n  any case, they do not  lend themselves t o  l i n e a r  
s c a l i n g  . 
This being t h e  case, i t  is with some dismay t h a t  we  recognize 
t h a t  our o rd ina te  i s  perhaps even less r e spec tab le  than our ab- 
scissa.  

U p  t o  t h i s  po in t  t h i s  s c a l e  has been r e f e r r e d  t o  r a t h e r  l oose ly  
as r ep resen t ing  performance i n  a motor t a s k .  Usual ly ,  p e r f e c t  
performance i s  thought of as t h e  absence of e r r o r .  This being 
t rue ,  one can convert  e r r o r  s co res  i n t o  performance scores  by 
tak ing  r e c i p r o c a l s  o r  by sub t r ac t ing  them f r o m  some r ea l i s t i c  con- 
s t a n t .  Thus, they are only as good as  our concept of e r r o r  a l lows 
them t o  be. 

Much has been made of t h e  value of o b j e c t i v e  r e sea rch ,  p a r t i c u -  
l a r l y  q u a n t i t a t i v e  app l i ca t ions .  It i s  almost as though w e  w e r e  
convinced t h a t  arithmetic opera t ions ,  through some myst ica l  t r a n s -  
mutat ion,  can impose o rde r  on what i s  t r u l y  chao t i c .  Not s o  many 
years  ago ,  and f o r  many o f  those i n  t h e  a rea  of human engineer ing,  
t h i s  has a d i s t u r b i n g  f reshness ,  a l l  of t h i s  w a s  handled i n  a 
s impler  fash ion .  Usually,  i f  one had a system t o  eva lua te  an ex- 
p e r t ,  a p i l o t  f o r  example, was asked t o  use i t .  Later he w a s  asked 
for h i s  opinion. I f  h i s  answer was complimentary, t h i s  w a s  re- 
garded a s  s u f f i c i e n t  reason f o r  f u r t h e r  development o r  promulgation 
of t he  design. I f  h i s  rep ly  w a s  nega t ive ,  t he  experimenter had t h e  
op t ion  of changing t h e  design or changing t h e  p i l o t .  

It was i n e v i t a b l e  t h a t  t h i s  method should come under some c r i t i -  
cism s i n c e  i t  w a s  d i f f i c u l t  t o  keep ind iv idua l  bias from i n t r u d -  
i n g  i n t o  t h e  eva lua t ion .  Added t o  t h i s  w a s  t he  f a c t  t h a t  t h e r e  
was no real  way of determining how t h e  judgments w e r e  being made 
s ince obviously they w e r e  highly s u b j e c t i v e  a f fa i r s .  Granting 
t h e  quest ionable  nature of  t h i s  procedure, i t  should be recognized 
t h a t  t h e  p i l o t  probably d id  not  commit some of t h e  g ross  a t r o c i -  
t ies t h a t  are pe rpe t r a t ed  i n  t h e  name of ob jec t ive  q u a n t i t a t i v e  re- 
search .  The p i l o t  a t  l e a s t  recognized t h a t  t he  importance of e r r o r  
i s  a h ighly  r e l a t i v e  th ing .  In  some s u b j e c t i v e  f a sh ion ,  he proba- 
b ly  i n t e g r a t e d  what he perceived t o  be h i s  e r r o r s  i n t o  t h e  produc- 
t i o n  of  an o v e r a l l  judgment, but i t  i s  doubt fu l  t h a t  he d id  t h i s  i n  
a b l i n d  mechanical way. He knew, f o r  example, t h a t  some e r r o r s  are 
more important than o t h e r s  and t h a t  a given e r r o r  can be t o l e r a t e d  
under one circumstance t h a t  would be f a t a l  under another .  H e  knew 
t o  expect more  e r r o r s  when he w a s  re laxed  than when he w a s  working 
hard. 
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There a r e  many o the r  s u c h  va r i ab le s  wh ich  t h e  p i l o t  might make a 
proper  i n t e r p r e t a t i o n  o f ,  but which t h e  experimenter,  f o r  reasons 
o f  convenience o f  a n a l y s i s ,  would choose t o  ignore.  The l a t t e r  
might simply accumulate absolute  e r r o r  without re ference  t o  t h e  
momentary s i t u a t i o n .  This might be a proper th ing  t o  do i n  t h e  
contex t  of pure r e sea rch  although even then i t  is doubt fu l .  It  
i s  of most dubious v a l i d i t y  when app l i ed  t o  t h e  u s e  o f  f l i g h t  ve- 
h i c l e s .  In  f l y i n g  a t e r r a i n  fol lowing mission,  f o r  example, t he  
p i l o t  has two th ings  t o  consider.  First, of course ,  he m u s t  avoid 
obs t ac l e s .  The p r o b a b i l i t y  o f  t h i s  becomes i n c r e a s i n g l y  great as 
he f l i e s  higher.  A t  t h e  same t i m e ,  he mus t  e x e r c i s e  cau t ion  about 
f l y i n g  too high s i n c e  t h e r e  is t h e  r i s k  of being d e t e c t e d  by enemy 
s u r v e i l l a n c e .  raken toge ther ,  t h e s e  two c o n f l i c t i n g  v a r i a b l e s  pro- 
duce a non-l inear  p robab i l i t y  func t ion  having a saddle  po in t  of 
opt imal  s a f e t y .  An a n a l y s i s  based upon abso lu te  e r r o r  from command 
i s  obviously inappropr i a t e  t o  apply t o  t h e  d a t a ;  y e t ,  t h i s  i s  f r e -  
quent ly  done. 

It  i s  c o n v e n i e n t % t o  regard  uncontrolled e r r o r s  as belonging t o  
t h r e e  classes. F i r s t  a re  those which t h e  ope ra to r  recognizes  t o  
e x i s t  but t o  which he does not respond t o  because he feels t h a t  
they are unimportant. Second are those e r r o r s  which t h e  opera- 
t o r  recognizes  t o  e x i s t ,  bu t  which, due t o  h i s  own i n e p t i t u d e  o r  
t o  d e f i c i e n c i e s  i n  t h e  system, he is  unable t o  n u l l  ou t .  Third are 
those e r r o r s  which t h e  opera tor  does no t  recognize t o  e x i s t  and 
consequently does nothing t o  e l imina te .  

Presuming t h a t  a procedure can be found t o  d i s t i n g u i s h  between them, 
these e r r o r  ca t egor i e s  should be handled d i f f e r e n t l y .  This ,  i n  p a r t ,  
i s  t h e  o b j e c t i v e  of t h e  present s tudy .  

Although conducted i n  a he l i cop te r  s imula to r ,  t h i s  s tudy  was regar- 
ded as fundamentally t h e o r e t i c a l .  This being s o ,  i t  w a s  not  f e a s i -  
b l e  t o  adopt an e r r o r  scale t h a t  conformed t o  t h e  p a r t i c u l a r  pro- 
blems of any given veh ic l e  or system. Recognizing t h a t  any scale 
used f o r  t h e  assessment of e r r o r  would, i n  the  f i n a l  a n a l y s i s ,  be 
a r b i t r a r y ,  i t  w a s  decided t o  i n v e s t i g a t e  s e v e r a l  s c a l e s  with t h e  
view of ob ta in ing  one which would b e s t  conform t o  t h e  s u b j e c t ' s  e- 
v a l u a t i o n  of importance. The t h r e e  s e l e c t e d  w e r e  a b s o l u t e  e r r o r ,  
squared e r r o r  and t h e  standard d e v i a t i o n  of e r r o r .  The ra t iona le '  
w a s  based on the  idea  t h a t  t h e  scale which corresponded most c l o s e l y  
t o  t h e  s u b j e c t ' s  eva lua t ion  o f  importance should produce t h e  grea- 
t e s t  d i f f e r e n c e s  (as measured  by the  F r a t i o  of an a n a l y s i s  of v a r i -  
ance) between test condi t ions i f  t h e s e  t e s t  condi t ions  w e r e  t r u l y  
of d i f f e r e n t i a l  d i f f i c u l t y .  

A second procedure introduced he re  was cont r ived  with the  i n t e n t i o n  
of measuring s u b j e c t  e f f i c i ency .  This relates t o  t h e  ques t ion  of 
whether t h e  s u b j e c t  regards  the  momentary e r r o r  as being important 
enough t o  respond t o .  

rhe genera l  no t ion  of e f f i c i e n c y  can be expressed as t h e  r a t i o  be- 
tween e r r o r  and magnitude of a c t i v i t y .  I f  an  e r r o r  e x i s t s  bu t  
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t h e  sub jec t  does nothing t o  n u l l  i t  o u t ,  he i s  not behaving i n -  
e f f i c i e n t l y  although he  may be behaving inappropr i a t e ly  from t h e  
exper imenter ' s  point o f  v iew.  On the  o the r  hand, i f  an e r ror  
e x i s t s  which r e q u i r e s  an unusual amount of a c t i v i t y  from t h e  
s u b j e c t  i n  order  t o  c o r r e c t  i t ,  h i s  behavior can be charac te r -  
i z e d  a s  i n e f f i c i e n t .  Thus, by taking the  product of e r r o r  and a 
measure of t h e  s u b j e c t ' s  a c t i v i t y ,  one can produce an index of  
i n e f f i c i e n c y .  In  t h i s  s tudy,  t h e  measurement of a c t i v i t y  was 
simply the  i n t e g r a t e d  rate of c o n t r o l  movement. Ar i thmet ica l  
products  w e r e  obtained between each of t h e  measurements of e r r o r  
descr ibed  above and t h e  measurement of t h e  work performed. This 
i n  t u r n  produced t h r e e  measures of i n e f f i c i e n c y .  These measures 
are descr ibed more p r e c i s e l y  i n  a subsequent s e c t i o n  of t h i s  re- 
p o r t .  
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111. BACKGROUND 

The e a r l y  h i s t o r y  of  experimental psychology conta ins  numerous 
d e s c r i p t i o n s  of s t u d i e s  o f  performance on s i m p l e  manual tasks .  
Much of t h i s  i s  sys temat ic  and of cont inuing t h e o r e t i c a l  i n t e r -  
e s t .  The measurements w e r e  o f ten  of r e a c t i o n  t i m e  t o  t he  onset  
of l i g h t s  o r  o t h e r  s t i m u l i  with t h e  view of taking measurements 
of sensory,  motor and cogni t ive  processes .  Some work w a s  accom- 
p l i s h e d  on t h e  effect  of two or more concurrent t a sks  on pe r -  
formance and, while t h e  experimental arrangements w e r e  not speci- 
f i c  t o  any p a r t i c u l a r  cont ro l  problem, t h i s  work a l s o  r e t a i n s  
some genera l  i n t e r e s t .  Except as these  e f f e c t s  tended toward 
ind iv idua l  d i f f e r e n c e s ,  they d id  not lend themselves t o  t h e  gen- 
e r a t i o n  of many usefu l  concepts o r  t h e o r i e s ,  however. 

A s  w i th  many o t h e r  areas i n  s c i e n t i f i c  i n v e s t i g a t i o n ,  World W a r  
I1 served an an  impetus t o  research  on performance i n  complex 
t a s k  s i t u a t i o n s .  In  t h e  past  few decades a f u r t h e r  a c c e l e r a t i o n  
of i n t e r e s t  on manual con t ro l  i s  ev ident .  This has l e d  t o  mul t i -  
p l e  b i f u r c a t i o n s  of s u b j e c t  matter which g e n e r a l l y  have acquired 
independent l i n g u i s t i c  developments. I t  would not  be appropr i a t e  
t o  trace t h e s e  mutations here. There a r e ,  however, t h r e e  genera l  
areas which can be s a i d  t o  r e l a t e  t o  t h e  p re sen t  study. 
are: (1) t h e  e f f e c t  of varying work load on psychomotor per for -  
mance; (2) p a r t  t a s k  v s  whole t a s k  t r a i n i n g ;  and (3) t r a n s f e r  of 
t r a i n i n g .  

These 

The  work of Conrad (2.) i s  germane t o  t h e  problem of work load.  
In  t h i s  s tudy ,  t h e  e f f e c t  of an i n c r e a s e  i n  perceptua l  load on 
performance w a s  examined. Subjects w e r e  given t h e  number of d i a l s  
and an equal  number of cont ro l  handles which w e r e  i n  pa i red  co r re s -  
pondence wi th  one another .  The t a s k  of t he  s u b j e c t  was t o  monitor 
t h e  d i a l s  and t o  correct ,  by means of t h e  appropr i a t e  con t ro l  han- 
d l e ,  any motion away from the s tandard  t h a t  might occur.  Beginning 
wi th  f o u r  d i a l s ,  Conrad success ive ly  increased  t h e  t a s k  u n t i l  1 2  
d i a l s  r equ i r ed  monitoring and c o n t r o l .  
d i a l ,  i t  would cont inue  unchecked. If i t s  movements w e r e  observed, 
t h e  needle could be r e tu rned  t o  i t s  i n i t i a l  p o s i t i o n  by means of 
t he  handle. Scoring w a s  obtained of the  number of co r rec t ions  oc- 
c u r r i n g  each minute and of t h e  e lapsed  t i m e  between t h e  i n i t i a t i o n  
of a movement and t h e  co r rec t ing  response.  It w a s  found that as 
t h e  number of t a sks  and d i a l s  t o  be monitored and c o n t r o l l e d  i n -  
c r eased ,  t h e r e  w a s  a propor t iona te  decrease i n  t h e  number of  cor -  
r e c t i o n s  per  minute and of corresponding i n c r e a s e  i n  t h e  e lapsed  
t i m e  before  c o r r e c t i o n  was made. It w a s ,  however, suggested t h a t  
a p l a t e a u  w a s  reached wi th  about 1 0  d i a l s  because no s i g n i f i c a n t  
d i f f e r e n c e  w a s  obtained between t h e  10 and t h e  1 2  d i a l  condi t ions .  
Although Conrad terminated his i n v e s t i g a t i o n s  wi th  1 2  d i a l s ,  i t  i s  
poss ib l e  t h a t  t h e  level ing-off  process  would have continued beyond 
t h i s  number. Jeantheau (6t.I continued t h i s  l i n e  of i n v e s t i g a t i o n  
by t e s t i n g  t h e  d i f f e r e n t i a l  e f f e c t s  of speed and load  stress on 
t a s k  performance. H e  i nves t iga t ed  t h e  independent e f f e c t s  of 

If movement occurred on a 
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v a r i a t i o n s  i n  t a sk  speed and load i n  an information processing 
t a sk .  Load w a s  va r i ed  i n  terms of word l e n g t h  wi th  alphabet  s i z e  
and words per measure  held constant .  Speed was va r i ed  as t h e  
number of words per  minute. rhe r e s u l t s  i n d i c a t e  t h a t  both speed 
and work load inc reases  impair performance. S i g n i f i c a n t ,  however, 
i s  t h e  f a c t  t h a t  t h e  s h o r t e s t  word l e n g t h  had l i t t l e  e f f e c t  on per- 
formance a s  the  ra te  o f  p resenta t ion  increased.  This appears t o  
suggest  t h a t  f o r  t a sks  of a simple n a t u r e ,  t h e r e  i s  l i t t l e  decre- 
ment i n  performance wi th  increased load ,  bu t  t h a t  t h i s  gene ra l i za -  
t i o n  does not apply t o  t h e  m o r e  complex tasks .  

Support f o r  t h i s  conclusion w a s  obtained by Baker, e t  a1 (1,). 
These i n v e s t i g a t o r s  s t u d i e d  the  effects of complex a d d i t i o n a l  t a s k s  
on performance. They obtained a continuous impairment on pe r fo r -  
mance as t h e  t a s k  loading was increased.  
nomenon occurs ,  i t  would then be l i m i t e d  t o  simple t a s k s .  

If t h e  leve l ing-of f  phe- 

The d i f f i c u l t y  i n  making comparisons of t h i s  kind l ies  i n  t h e  def- 
i n i t i o n  of simple and complex, as  they relate w i t h i n  t h e  p re sen t  
con tex t .  Conceivably t h e s e  could merely be an unfortunate  use  of 
t e r m s .  Simple may be b e t t e r  expressed i n  d e s c r i p t i o n  of  t a s k s  which 
are e a s i l y  i n t e g r a t e d  because of t h e  s i m i l a r i t y  o r  conceptual un i ty .  
Complexity then would r e f e r  t o  d i s s i m i l a r  t a s k s ,  e s p e c i a l l y  those i n  
which t r a n s f e r  of t r a in ing  i s  e i t h e r  absent  o r  nega t ive .  This i s  
only  t o  r e s t a t e  t h e  problem introduced i n  t h e  previous s e c t i o n ,  
w o r k  is added, are t h e  new tasks simply mul t ip l e  r e i t e r a t i o n s  of t h e  
o r i g i n a l  t a s k s  o r  are they  t r u l y  independent? 

The classical  work on t r a n s f e r  of t r a i n i n g  i s  too famil iar  t o  re- 
q u i r e  d e s c r i p t i o n  here.  The r e a d e r  i s  r e f e r r e d  t o  McGeoch (5.) f o r  
a n  ex tens ive  t reatment  of t h i s  top ic .  In  a r ecen t  s tudy  by E l a m  
and Emery (4.), t h e  d a t a  appeared t o  l end  credence t o  two hypothe- 
ses. The f i r s t  w a s  t h a t ,  wi thin l i m i t s ,  an increased  work l o a d ,  
made up of t a sks  showing p o s i t i v e  t r a n s f e r  t o  one another ,  produced 
a nega t ive ly  acce le ra t ed  e r r o r  func t ion ,  while t a s k s  showing nega- 
t i v e  t r a n s f e r  produced a p o s i t i v e l y  a c c e l e r a t e d  growth func t ion .  
The second hypothesis w a s  t ha t  t h e  measurement of e f f i c i e n c y  ( r a t i o  
of e r r o r  t o  work performed) produces a s u p e r i o r  a n a l y s i s  of t a s k  
d i f f i c u l t y  than e r r o r  scores a lone .  T h i s  i s  based upon t h e  not ion  
t h a t  sLtbjeci e r r o r  as d i s t ingu i shed  f r o m  t o t a l  system e r r o r  e x i s t s  
on ly  i f  t h e  s u b j e c t  acknowledges i t  t o  exis t  by making proper  con- 
t r o l  movement. 

As 



I V .  METHOD 

Subjec ts  

Th i r ty  s u b j e c t s  w e r e  used i n  the  c o l l e c t i o n  of  t he  d a t a  of t h i s  
experiment. F i f t een  of these w e r e  r a t e d  h e l i c o p t e r  p i l o t s  ob- 
t a i n e d  from t h e  F l i g h t  T e s t  Department of B e l l  Hel icopter .  The 
remaining s u b j e c t s  w e r e  without f l i g h t  c o n t r o l  experience.  They 
w e r e  s e l e c t e d  from t h e  ROTC program of Texas C h r i s t i a n  Universi ty .  
A l l  s u b j e c t s  w e r e  paid f o r  t h e i r  p a r t i c i p a t i o n  i n  this s tudy.  I t  
w a s  a sce r t a ined  for a l l  subjec ts  that v i s i o n  ( co r rec t ed )  was  nor- 
m a l  and t h a t  none suf fered  from o t h e r  d e b i l i t a t i n g  sensory o r  
motor impairment. The choice of t h e  s u b j e c t  populat ion w a s  based 
upon the  d e s i r e  t o  o b t a i n  groups that w e r e  roughly s imi la r  t o  
those  ind iv idua l s  who might be used i n  o t h e r  NASA s t u d i e s .  It 
w a s  assumed t h a t  s i n c e  both t h e  ROTC and t h e  p i l o t  group had pre- 
v i o u s l y  s a t i s f i e d  c e r t a i n  physical and mental cr i ter ia ,  they would 
be r e l a t i v e l y  homogeneous as compared with t h e  genera l  populat ion.  
This statement i s  e s p e c i a l l y  t rue f o r  t h e  p i l o t s ,  a l though i t  i s  
be l i eved  that t h e  d a t a  taken from t h e  performance of t h e  non-pi lot  
s u b j e c t s  can a l s o  be ex t rapola ted  upon t o  those  opera tor  s i t u a t i o n s  
t h a t  are  of p a r t i c u l a r  i n t e r e s t  t o  NASA. The p i l o t  and t h e  non- 
p i l o t  s u b j e c t  groups were t r e a t e d  a l i k e  except that while  t h e  f o r -  
m e r  experienced each experimental cond i t ion  only once, t h e  non- 
p i l o t s  repea ted  t h e  se s s ions  on 15 sepa ra t e  occasions.  This pro- 
cedure would have been followed f o r  t h e  p i l o t s  but  i t  w a s  impossi- 
b l e  t o  schedule them f o r  s o  sus ta ined  a per iod.  I n  consequence, 
t h e  p i l o t  group may be regarded as a r e p l i c a t i o n  o f  t h e  non-pi lots  
f o r  t h e  f i r s t  day of t e s t i n g  of t h i s  l a t t e r  group. Although the  
p i l o t s  w e r e  famil iar  with the c o n t r o l  s i t u a t i o n  as found i n  t h e  
f l i g h t  s imula to r ,  i t  should be pointed out  t h a t  they w e r e  not  f a -  
m i l i a r  wi th  t h e  d i s p l a y  used i n  this s tudy.  Added t o  t h i s  w a s  t h e  
f a c t  t h a t  t h e  s imula tor  d i d  not respond i n  a manner t h a t  t hese  sub- 
jects w e r e  accustomed t o  obtaining i n  an a i r c r a f t .  One p a r t i c u l a r l y  
novel element w a s  t h a t  t he  s imulator  d i d  not  t r a n s l a t e  f o r e ,  a f t  o r  
l a t e r a l l y  as a f l i g h t  veh ic l e  would do. Nor w a s  t h e r e  any cross -  
coupl ing between c o n t r o l  elements as i s  found i n  actual f l i g h t  ve- 
h i c l e s .  These p e c u l i a r i t i e s ,  i n c o n c e r t  w i t h  t h e  novel ty  of t h e  
d i s p l a y  media, w e r e  undoubtedly d isconcer t ing  t o  t h e  p i l o t s .  These 
remarks are en te red  as a caut ion t o  t h e  r eade r  not  to expect t h e  
p i l o t  performance t o  be of a c o n s i s t e n t l y  high q u a l i t y .  

Apparatus 

Simulator :  A l l  t e s t i n g  w a s  accomplished with t h e  s u b j e c t s  i n  t h e  
B e l l  Dynamic s imula tor .  This apparatus  w a s  cons t ruc ted  i n  simu- 
l a t i o n -  of t h e  side-by-side cockpit  c o n t r o l  conf igura t ion .  
c o n t r o l s ,  s tandard  f o r  he l i cop te r ,  cons i s t ed  of c y c l i c  s t i c k  f o r  
r o l l  and p i t c h  con t ro l , '  c o l l e c t i v e  s t i c k  f o r  a l t i t u d e  c o n t r o l  and 
f o o t  pedals  f o r  yaw c o n t r o l .  Although t h e  moving platform upon 
which the  cabin r e s t e d  was  capable of s i x  c h a r a c t e r i s t i c s  of mo- 
t i o n  ( r o l l ,  p i t c h ,  yaw, a l t i t u d e ,  l a te ra l  and ho r i zon ta l  d i sp l ace -  
ment) on ly  f o u r  ( r o l l ,  p i t c h ,  yaw and a l t i t u d e  displacement) w e r e  

The 
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a c t u a l i z e d  i n  t h e  present  experiment. 
very gross  manner,were memetic of h e l i c o p t e r  f l i gh t - -wi th  the  ex- 
cep t ion  t h a t  a l l  cross-coupling w a s  removed and n e i t h e r  t h e  d i s -  
p l ay  nor t h e  platform w a s  f r e e  t o  e x h i b i t  e i ther  la te ra l  o r  hori-  
zon ta l  t r a n s l a t i o n .  While i t  w a s  recognized t h a t  these  r e s t r i c -  
t i o n s  g r e a t l y  reduced t h e  s i m i l a r i t y  between t h e  apparatus  and any 
f l i g h t  v e h i c l e ,  i t  should be understood t h a t  t hese  modif icat ions 
w e r e  e s s e n t i a l  t o  t he  conduct of t h e  experiment. Although i t  w a s  
d e s i r a b l e  t o  preserve  as much s i m i l i t u d e  wi th  an a c t u a l  f l y i n g  s i t -  
ua t ion  as poss ib l e ,  t h i s  f a c t o r  w a s  of secondary importance. Since 
the  purpose of t h e  s tudy w a s  to examine performance as a conse- 
quence of t he  number of un i t a ry  t a s k s  involved,  i t  then  became es- 
s e n t i a l  t h a t  t h e s e  t a sks  remain abso lu te ly  independent t o  one an- 
o the r .  Thus, t h e  presence of cross-coupl ing would have been con- 
founding t o  the  a n a l y s i s  s ince t h e r e  would be a m u l t i p l i c i t y  of 
c o n t r o l  p o s s i b i l i t i e s ;  none of which would a b s o l u t e l y  enjoy a p re f -  
e r e n t i a l  s t a t u s .  If a l t i t u d e  could be a f f e c t e d  d i r e c t l y  through 
the  c o l l e c t i v e  o r  i n d i r e c t l y  through the  p i t c h  channel,  i t  would 
be impossible t o  relate e r r o r  t o  inpu t  i n  any sys temat ic  manner. 
The problem, moreover, would be i n t e n s i f i e d  under t h o s e  condi t ions  
where a p a r t i c u l a r  c o n t r o l  channel w a s  no t  a v a i l a b l e .  If a s u b j e c t  
learned  t h a t  a l t i t u d e  could be c o n t r o l l e d  by e i t h e r  c o l l e c t i v e  o r  
p i t c h  c o n t r o l ,  when both  were p r e s e n t ,  he would be a t  a disadvan- 
tage during those condi t ions  when only p i t c h  con t ro l  w a s  e f f e c t i v e .  
In  t h e  a c t u a l  h e l i c o p t e r  s i t u a t i o n ,  l a t e r a l  and ho r i zon ta l  t r a n s -  
l a t i o n s  are n o t  obtained i n  a d i r e c t  manner, bu t  r a t h e r  are the  
temporal consequence of maintaining c e r t a i n  f l i g h t  a t t i t u d e s ,  i n -  
volving p i t c h ,  r o l l  and a l t i t u d e  con t ro l .  Being complex and a t t a i n -  
a b l e  i n  a v a r i e t y  of c o n t r o l  combinations, they  would produce an 
unnecessary ambiguity t o  t h e  test s i t u a t i o n .  For t h e  purposes of 
t h e  present  s tudy ,  an inva r i an t  r e l a t i o n s h i p  w a s  r equ i r ed  between 
t h e  c o n t r o l  parameters and the d i s p l a y  c h a r a c t e r i s t i c s  w i th  which 
they w e r e  paired.  Thus, t h e  s i t u a t i o n  obtained w a s  such t h a t  p i t c h  
c o n t r o l  w a s  exerc ised  only by t h e  forwardrbackward movement of t h e  
c y c l i c  s t i c k ,  R o l l  w a s  introduced by a l a t e r a l  movement of t h e  
s a m e  con t ro l  l e v e r .  Yaw w a s  served by the  rudder  pedals  and a l t i -  
tude change could be a f f e c t e d  only  by t h e  c o l l e c t i v e  handle. By 
segrega t ing  t h e  cont ro l -d isp lay  channels i n  t h e  above manner, t h e  
d i v e r s i f i c a t i o n  of c o n t r o l  p a t t e r n s  was, i n  consequence, avoided. 

The s y s t e m  dynamics,in a 

The s imula tor  cabin  i s  shown i n  Figure 1. The windows and wind- 
screens  of t h e  cabin w e r e  opaque. Cabin l i g h t i n g  w a s  provided of 
an i n t e n s i t y  sufficient f o r  ease of c o n t r o l ,  bu t  w a s  no t  of a 
br ightness  t o  i n t e r f e r e  with reading t h e  Telev is ion  monitor d i s -  
play.  During t e s t i n g ,  t h e  sub jec t s  wore a helmet conta in ing  m i -  
crophone and headphones. This allowed them t o  communicate wi th  
t h e  experimenter who sat  a t  a console some d i s t a n c e  from t h e  simu- 
l a t o r  cabin.  
r o t o r  and engine of a he l icoptkr  w a s  heard i n  s u b j e c t ’ s  earphones. 
r h i s ,  along with t h e  opac i ty  of t h e  windows, w a s  s u f f i c i e n t  t o  
i s o l a t e  t he  s u b j e c t  f r o m  extraneous s t imulus cues ,  and insured  
t h e i r  r e l i a n c e  upon t h e  d isp lay  and upon those propr iocept ive  cues 
provided by t h e  movement of t h e  platform. 

During t e s t i n g ,  a no i se  resembling t h a t  made by t h e  
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Displa : The con tac t  analog ver t ica l  d i s p l a y  w a s  used by t h e  + s u  jects f o r  t h e  con t ro l  of both a t t i t u d e  and a l t i t u d e .  
p l ay  image i s  shown i n  a c h a r a c t e r i s t i c  p o s i t i o n  i n  Figure 2 .  
The d i s p l a y  s i g n a l  genera tor  system provided a v a r i e t y  of  i npu t s  
i n  video form t o  the  cockpi t  d i sp lay .  Computed a t t i t u d e  i n f o r -  
mation i n  p i t c h  and r o l l  were d isp layed  i n  t h e  form of an ear th  
s t a b i l i z e d  horizon. The t ransformation of e a r t h  coord ina te  posi-  
t i o n s  i n  t h e  appropr i a t e  d i sp l ay  screen  coord ina tes  w e r e  computed, 
u t i l i z i n g  s i g n a l s  i n t e g r a t e d  from c o n t r o l  and n o i s e  i n p u t s .  The 
horizon which appeared as a w h i t e  l i n e  on t h e  upper margin of t h e  
g r i d  could be used by t h e  sub jec t  t o  a s c e r t a i n  p i t c h  and r o l l  a t t i -  
tude.  The impression w a s  much as though t h e  ope ra to r  w a s  looking 
forward through t h e  wind screen of a hovering h e l i c o p t e r .  If the 
horizon l i n e  moved up t h e  s c o p e ,  t h i s  w a s  c o r r e c t l y  judged a s  de- 
no t ing  a nose down condi t ion .  Down scope i n d i c a t e d  a nose up s i tu -  
a t i o n .  A clock-wise r o t a t i o n  of  t h e  horizon l i n e  was  app ropr i a t e ly  
responded t o  a s  a l e f t  r o l l .  A r o t a r y  movement i n  t h e  opposi te  d i -  
r e c t i o n  w a s  i n d i c a t i o n  o f  a, r i g h t  r o l l .  

The d i s -  

Clouds appeared above t h e  horizon. These had a th ree - fo ld  purpose. 
F i r s t ,  they cont r ibu ted  t o  the p i c t o r i a l i z a t i o n  of t h e  d i sp lay .  
Second, they could be used f o r  p i t c h  and r o l l  c o n t r o l  i n  those con- 
d i t i o n s  when t h e  a i rcraf t  was  p i t ched  up s o  t h a t  t h e  horizon l i n e  
w a s  n o t  i n  t h e  p i c t u r e .  Final ly ,  t h e  dlouds w e r e  of use i n  yaw 
c o n t r o l  s i n c e  a r o t a r y  motion about t h i s  axis would cause them t o  
s h i f t  ac ross  t h e  screen.  

Below t h e  horizon l ine,  a g r i d  ( i n t e r s e c t i n g  l i n e s  pe rcep tua l ly  
orthogonal from an  obl ique v i sua l  r e fe rence  converging a t  i n f i n i t y )  
w a s  shown. The s i z e  of t h e  squares va r i ed  wi th  t h e  a l t i t u d e  as d i d  
t h e  figure-ground r e l a t ionsh ip .  From 0 t o  96 feet  t h e  g r i d  w a s  com- 
posed of whi te  l i n e s  on b lack  background. A s  t h e  a l t i t u d e  increased 
wi th in  t h i s  i n t e r v a l ,  the  s i z e  of  t h e  squares  decreased. A t  96 feet 
t h e  squares  recovered t h e i r  i n i t i a l  s i z e  but  w e r e  then  made up of 
w h i t e  l i n e s  on a dark background. With inc reas ing  a l t i t u d e ,  t h e  
squares  aga in  decreased i n  s i z e  u n t i l  a he ighth  of 768 f e e t  w a s  ob- 
t a ined .  A t  t h i s  p o i n t ,  t h e  figure-ground r e l a t i o n s h i p  w a s  again re- 
versed and t h e  squares  recovered & h e i r  f u l l  s i z e  only t o  diminish 
a s  s t i l l  more a l t i t u d e  w a s  obtained. Thus, a l t i t u d e  w a s  d i sp layed  
through t h r e e  magnitude segments by changing t h e  figure-ground ar-  
rangement. Within each segment ,  t he  s i z e  of t h e  squares  v a r i e d ,  be- 
coming smaller as t h e  upper l i m i t  of t h e  segment w a s  approached. 

The g r i d  w a s  a l s o  used t o  d i sp l ay  yaw. 
l i n e s  converged a t  t h e  f o u r  card ina l  po in t s  of t h e  compass. A 
change i n  yaw would produce a r o t a t i v e  movement of t h e  g r i d  which 
w a s  seen as p ivot ing  about the  s t a b i l i z e d  e a r t h  pos i t i on .  

Corn u t e r :  The computer f a c i l i t y  i s  shown i n  Figure 3 .  It w a s  a -+ Berke ey EASE model 1,000 analog computer. It provided t h e  con- 
t r o l - d i s p l a y  dynamic l i n k .  I t s  ou tputs  w e r e  a l s o  used t o  d r i v e  
t h e  dynamic platform upon which t h e  s imula to r  cabin  w a s  mounted. 
The experimenter sat a t  t h e  console shown i n  t h e  p i c t u r e .  H e  was 

The pe rcep tua l ly  p a r a l l e l e d  
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FIGURE 2 .  ILLUSTRATION O F  CONTACT ANALOG DISPLAY 
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provided w i t h  a TV monitor which r e g i s t e r e d  the  same p i c t u r e  t h a t  
was seen by t h e  s u b j e c t .  I n  a d d i t i o n ,  the  ope ra to r  had an i n t e r -  
com system f o r  communication wi th  t h e  s u b j e c t  and the  necessary 
equipment f o r  t h e  con t ro l  of the experimental  procedures. 

Recording: The d a t a  w e r e  recorded on magnetic tape .  Depending 
on t h e  experimental  condi t ion,  r e g i s t r a t i o n  was made on a s  many 
as n ine  channels a t  a t i m e .  Error  measurement cons i s t ed  o f  t h e  
following: momentary e r r o r  i n  (1) p i t c h ,  ( 2 )  r o l l ,  (3)  yaw, and 
(4) a l t i tude .  A c t i v i t y  measurements w e r e  a l s o  determined; t hese  
w e r e  acquired f o r  ( 5 )  f o r e  and a f t  p o s i t i o n  of c y c l i c  s t i c k ,  
( 6 )  l a te ra l  p o s i t i o n  of t h e  same c o n t r o l  handle,  (7) rudder pedal 
p o s i t i o n  and ( 8 )  c o l l e c t i v e  s t i c k  pos i t i on .  I n  a d d i t i o n ,  (9) a 
voice  channel from t h e  intercom was  obtained which i d e n t i f i e d  t h e  
condi t ion  and number of each t r i a l .  

Except f o r  t h e  voice channel,  t h e s e  records  w e r e  subsequently 
converted t o  d i g i t a l  form before a n a l y s i s  w a s  undertaken. The 
a n a l y s i s  i s  descr ibed i n  t h e  fol lowing s e c t i o n .  

Procedure 

There w e r e  f i f t e e n  condi t ions of t e s t i n g  used i n  t h e  experiment. 
These d i f f e r e d  only i n  t h e  combination of t a s k s  involved. A l l  
combinations of t h e  fou r  t racking t a sks  taken one o r  more a t  a 
t i m e  w e r e  included. r h i s  i s  shown i n  Table I. The l i s t  of t a sks  
f o r  t h e  f i f t e e n  condi t ions of t h e  experiment - r o l l ,  p i t c h ,  yaw 
and a l t i t u d e  - are symbolized as R,  P ,  Y and A r e spec t ive ly .  

Considered from a l d i f f e r e n t  point of v i e w ,  t h e r e  w e r e  f o u r  l e v e l s  
of t a s k  d i f f i c u l t y .  On t h e  most simple l e v e l ,  each task w a s  pre-  
sen ted  alone.  On t h e  second l e v e l ,  each t a s k  w a s  presented i n  t h e  
presence of each remaining task .  As  a t h i r d  l e v e l ,  each t a s k  w a s  
p resented  i n  concer t  with t w o  o t h e r  t a s k s .  F i n a l l y ,  t h e r e  was a 
f o u r t h  l e v e l  i n  which a l l  tasks  w e r e  g iven simultaneously.  If t h e  
assumptions could have been made t h a t  t h e  t a s k s  w e r e  of equal d i f -  
f i c u l t y  (as determined by t h e  amount of t i m e  t h e  s u b j e c t  spent  i n  
c o n t r o l  of each)  and t h a t  t he  t a s k s  w e r e  n e u t r a l  t o  one another  w i th  
r e fe rence  t o  ope ra t iona l  i n t e r f e r e n c e ,  then t h e  d a t a  could be exam- 
ined using t h e  c l a s s i f i c a t i o n s  of (1) simple t a s k ,  (2) t a s k  wi th  
one a d d i t i o n a l  t a s k ,  (3)  t a sk  wi th  two a d d i t i o n a l  t a s k s ,  etc.  It 
i s  u n l i k e l y  that t h e  first assumption can be made and it is  cer- 
t a i n  t h a t  t h e  second cannot. It  i s ,  i n  consequence, necessary t h a t  
each combination be analyzed sepa ra t e ly .  

I t  may be ~ o r r e c t l y ~ j u d g e d  t h a t  i n  producing i n d i v i d u a l  a n a l y s i s ,  
the  i n i t i a l  a i m  of the s t u d y  ( d e s c r i p t i o n  o f  performance as a func- 
t i o n  of t a s k  loading)  is thereby s a c r i f i c e d .  While t h i s  may be un- 
f o r t u n a t e ,  l i t t l e  i s  t o  be gained by t h e  p re t ense  that t a s k  loading 
i s  i n  some simple r e l a t i o n s h i p  wi th  t h e  number of t a s k s  given.  
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Condition Tasks 

1 R 

2 P 

3 Y 

4 A 

5 R+P 

6 R+Y 

7 R+A 

8 P+Y 

9 P+A 

10 Y+A 

11 R+P+Y 

1 2  R+P+A 

13 

14 

15 

R+Y+A 

P+Y+A 

R+P+Y+A 

TABLE I 

Measurements raken 

E r r o r  Control P o s i t i o n  

Momentary e r r o r  i n  r o l l  

Momentary e r r o r  i n  p i t c h  

Momentary e r r o r  i n  yaw 

Momentary e r r o r  i n  a l t i t u d e  

Momentary e r r o r  i n  r o l l  
Momentary e r r o r  i n  p i t c h  

Momentary e r r o r  i n  r o l l  
Momentary e r r o r  i n  yaw 

Momentary e r r o r  i n  r o l l  
Momentary e r r o r  i n  a l t i t u d e  

Momentary e r r o r  i n  p i t c h  
Momentary e r r o r  i n  yaw 

Momentary e r r o r  i n  p i t c h  
Momentary e r r o r  i n  a l t i t u d e  

Momentary e r r o r  i n  yaw 
Momentary e r r o r  i n  a l t i t u d e  

Momentary e r r o r  i n  roll 
Momentary e r r o r  i n  p i t c h  
Momentary e r r o r  i n  yaw 

Momentary e r r o r  i n  r o l l  
Momentary e r r o r  i n  p i t c h  
Momentary e r r o r  i n  a l t i t u d e  

Momentary e r r o r  i n  r o l l  
Mmentary e r r o r  i n  yaw 
Momentary e r r o r  i n  a l t i t u d e  

Momentary e r r o r  i n  p i t c h  
Momentary e r r o r  i n  yaw 
Momentary e r r o r  i n  a l t i t u d e  

Momentary e r r o r  i n  r o l l  
Momentary e r r o r  i n  p i t c h  
Momentary e r r o r  i n  yaw 
Momentary e r r o r  i n  a l t i t u d e  

16 

Lateral Cyclic 

Fore-Af t Cycl ic  

Foot Pedal 

Co l l ec t ive  

Lateral Cycl ic  
Fore-Af t Cycl ic  

Lateral Cycl ic  
Foot Pedal 

Lateral Cycl ic  
Col1 ec t i v e  

Fore-Af t Cycl ic  
Foot Pedal 

Fore-Af t Cycl ic  
C o l l e c t i v e  

Foot Pedal 
C o l l e c t i v e  

Lateral Cycl ic  
Fore-Af t Cycl ic  
Foot Pedal  

L a t e r a l  Cycl ic  
Fore-Af t Cycl ic  
C o l l e c t i v e  

Lateral Cycl ic  
Foot Pedal 
C o l l e c t i v e  

Fore-Af t Cycl ic  
Foot Pedal 
C o l l e c t i v e  

L a t e r a l  Cycl ic  
Fore-Af t Cyc l i c  
Foot Pedal  
Co l l ec t ive  



1 
8 
1 
II 
8 
8 
I 
8 
I 
I 
8 
1 
8 
I 

It can be seen t h a t  under Condition 1 t h a t  only r o l l  w a s  p resent .  
In  o t h e r  words, t h e  d i sp lay  and t h e  platform remained s t a b l e  and 
a t  t h e  n u l l  p o s i t i o n  f o r  p i t c h ,  yaw and a l t i t u d e  s i n c e  only r o l l  
i npu t s  w e r e  p resent  and only t h e  l a t e r a l  movement of t h e  c y c l i c  
was e f f e c t i v e .  During t h i s  condi t ion ,  records w e r e  obtained only 
of r o l l  e r r o r  and of t he  l a t e r a l  movement of t h e  c y c l i c .  For Con- 
d i t i o n  8 ,  both p i t c h  and yaw va r i ed  wi th  the  s u b j e c t s '  i n p u t s  and 
t h e  fo rc ing  func t ions  on these channels. S i m i l a r l y ,  records  w e r e  
obtained only  of p i t c h  and yaw e r r o r  and of t h e  f o r e - a f t  movement 
of t h e  s t i c k  along wi th  t h e  movement of t h e  f o o t  pedals.  Only 
under Condition 1 5  w e r e  a l l  channels a c t i v e ,  each r e q u i r i n g  t h e  
a t t e n t i o n  of the  s u b j e c t .  When t h i s  condi t ion  w a s  p re sen t ,  a l l  
e i g h t  q u a n t i t a t i v e  magnetic tape records w e r e  made. 

On each day of t e s t i n g ,  each s u b j e c t  rece ived  each of  t he  15  con- 
d i t i o n s  descr ibed above. Each condi t ion  w a s  given f o r  a two min- 
u t e  i n t e r v a l .  The non-pi lots  w e r e  given 15 days of testing while  
t h e  p i l o t s  received only  one day. The o rde r  o f  p re sen ta t ion  o f  
condi t ions  va r i ed  between sub jec t s  and between days as shown i n  
t h e  l a t i n  square of  Table 11. On any given day of t e s t i n g ,  each 
s u b j e c t  receiued an o rde r  of cond i t ion  p resen ta t ion  t h a t  w a s  d i f -  
f e r e n t  from t h a t  rece ived  by any o t h e r  sub jec t .  During the  15 
days ,  however, each s u b j e c t  received each sequence of condi t ions .  
Subject  N o .  2 ,  f o r  example, received o rde r  15  on t h e  first day, 
o r d e r  5 on t h e  second, e t c .  The orders  w e r e  made up of d i f f e r e n t  
s e q u e n t i a l  arrangements of t h e  15 condi t ions  shown i n  Table I. 
In Table 111, t h e  d a i l y  sequence of condi t ions  f o r  t h e  15 o rde r s  
is shown f o r  Subject  N o .  2 .  O n  t h e  f i r s t  t r i a l  of t h e  f i r s t  day, 
t h e  s u b j e c t  w a s  r equ i r ed  t o  con t ro l  f o r  r o l l ,  p i t c h ,  yaw and a l t i -  
tude simultaneously.  On the second t r i a l ,  only a l t i t u d e  c o n t r o l  
w a s  r e q u i r e d ,  e t c .  On the second day, h i s  f i r s t  t r i a l  cons i s t ed  
of  c o n t r o l l i n g  f o r  p i t c h ,  yaw and a l t i t u d e .  The above procedure 
w a s  followed t o  cancel  t h e  e f f e c t s  o f  order f o r  each day o f  tes t -  
ing.  The p i l o t s  followed t h e  s a m e  procedure,  bu t  f o r  t h e  s i n g l e  
day only.  

Refer r ing  again t o  Table I ,  i t  w i l l  be observed i n  t h e  f i f t e e n  
condi t ions  each c o n t r o l  parameter occur'red on 8 occasions.  Thus, 
r o l l  w a s  obtained on Conditions 1, 5,  6 ,  7, 11, 1 2 ,  13 and 15. 
rhere  being fou r  such c o n t r o l  parameters and 2 measurements of 
each parameter ( e r r o r  and con t ro l  pos i t i on )  along wi th  15  sub- 
jects f o r  15 days,  t h i s  produced 14,400 d a t a  u n i t s  of 2 minutes 
du ra t ion  f o r  t h e  non-p i lo ts  and 960 such  scores  f o r  t h e  p i l o t s .  
Various t ransformations w e r e  made upon t h e  da t a .  These w i l l  be 
s ubsequently descr ibed.  

P r i o r  t o  t h e  f i r s t  days t e s t ing ,  a subject  w a s  g iven  a gene ra l  i n -  
t roduc t ion  t o  t h e  apparatus  and t o l d  what t h e  procedures would be. 
H e  w a s  t o l d ,  f o r  example, t h a t  t h e  pedals  c o n t r o l l e d  f o r  yaw, t h e  
c o l l e c t i v e  f o r  a l t i t u d e ,  e tc .  He was i n s t r u c t e d  t o  f l y  s t r a i g h t  
and l e v e l  on a North heading a t  50 f e e t  o f  a l t i t u d e .  H e  w a s  then 
given 2 minutes experience c o n t r o l l i n g  each channel s epa ra t e ly .  
These p r e - t r i a l  procedures w e r e  used f o r  both p i l o t s  and non-p i lo ts ;  
except i n  t h e  case of t h e  former group,  t h e  d i s c u s s i o n  of  t h e  rela- 
t i o n s h i p  between c o n t r o l  movement t o  d i s p l a y  movement w a s  consider-  
ab ly  s impl i f i ed .  
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V. RESULTS 

A s  previous ly  r e l a t e d ,  two measures w e r e  c o n t i n u a l l y  en reg i s t e red  
f o r  each of t he  fou r  c o n t r o l  parameters ( r o l l ,  p i t c h ,  yaw and 
a l t i t u d e ) .  I'hese cons is ted  of momentary e r r o r  (devia t ions  from a 
l e v e l  a t t i t u d e  on a no r th  heading a t  50 f e e t )  and c o n t r o l  p o s i t i o n ,  
These d a t a  w e r e  converted i n t o  d i g i t a l  form by sampling the  mag- 
n e t i c  tapes  a t  t h e  rate of 80 t i m e s  a second. These numeric va lues  
w e r e  then used i n  the  cons t ruc t ion  of t h e  following m e a s u r e s .  

(1) e = /(a - d)d t  

This value r ep resen t s  t he  t o t a l  a l g e b r a i c  e r r a r .  S ince  the  momen- 
t a r y  measurements w e r e  about as o f t e n  negat ive  as p o s i t i v e ,  t h e s e  
sco res  w e r e  c l o s e  t o  zero unless a sys temat ic  e r r o r  p e r s i s t e d .  The 
only  value t o  t h i s  s t a t i s t i c  w a s  i n  t he  production of t he  s tandard  
d e v i a t i o n  (number 5 below). 

This measure w;s i n t e g r a t e d  v e l o c i t y  o f  t he  c o n t r o l  lever. I n  t h e  
a n a l y s i s  i t  w a s  used as an index of t h e  s u b j e c t ' s  a c t i v i t y  o r  work 
inpu t .  

(3 )  /e/ = /a - d/dt 

T h i s  w a s  t h e  abso lu te  (accumulated without r e fe rence  t o  s ign )  i n -  
t e g r a t e d  e r r o r .  

In  t h i s  m e a s u r e ,  t h e  momentary e r r o r s  w e r e  squared before  being i n -  
t e g r a t e d .  This ,  of course,  produces a r e l a t i v e l y  high pena l ty  f o r  
large e r r o r s .  

This a l s o  tends  t o  assess a $ i sp ropor t iona te  pena l ty  f o r  l a r g e  
e r r o r s ,  bu t  un l ike  /e/ and e i t  removes the  pena l ty  f o r  con- 
s t a n t  e r r o r s .  It i s ,  i n  consequence, c l o s e r  t o  t h e  s u b j e c t ' s  
percept ion  of e r r o r  than  are t h e  o t h e r  measurements which a r e  
based upon t h e  experimenters c r i t e r i a  f o r  e r r o r .  

( 6 )  /e/ w 

This w a s  an index of i n e f f i c i e n c y  based upon t h e  abso lu te  e r r o r  
s co res .  It w a s  simply a product of m e a s u r e s  ( 2 )  and ( 3 )  as l i s t e d  
above. 
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8 2 (7 )  e w  

This w a s  an index of i n e f f i c i e n c y  based upon t h e  squared e r r o r .  
It  was t h e  product of measures ( 2 )  and ( 4 ) .  

This index of i n e f f i c i e n c y  was obtained from t h e  product of m e a -  
s u r e s  (2) and ( 5 ) .  

The l o g i c  f o r  t hese  manipulations has been touched upon i n  a pre-  
vious s e c t i o n .  Bas i ca l ly ,  t he  abso lu te  e r r o r  i s  obtained as being 
t y p i c a l  of t h e  measurements t h a t  are o f t e n  presented i n  t r ack ing  
s t u d i e s .  The squared e r r o r  i s  g r o s s l y  r e p r e s e n t a t i v e  of an a t tempt  
t o  formulate a more r e a l i s t i c  scale than  t h e  l i n e a r  func t ion  which 
i s  given by t h e  a b s o l u t e  e r r o r .  The s tandard  dev ia t ion  has t h e  
m e r i t  of t h e  squared e r r o r  technique, but  i t  tends t o  consider  on ly  
those e r r o r s  t h a t  t he  subjec t  acknowledges as would be t h e  case i f  
t h e  s u b j e c t  c o n s i s t e n t l y  made a 1 ,000  f o o t  e r r o r  i n  a l t i t u d e .  The 
i n d i c e s  of i n e f f i c i e n c y  a r e  presented i n  an e f f o r t  t o  compare t h e s e  
parameters w i t h  t h e i r  complimentary e r r o r  scores  t o  determine whe- 
t h e r  t hey  produce a more s e n s i t i v e  test  of t h e  r e s u l t s .  

I n  a gross  way, t h e  measurement o w  cons iders  only t h e  performance 
based upon t h a t  e r r o r  t h e  subjec t  acknowledges t o  e x i s t  and works 
t o  e l imina te .  The measurement 0 a l s o  denotes such an acknowledgment, 
bu t  makes no r e fe rence  t o  s u b j e c t ' s  a c t i v i t y .  Differences between 
the  r e l a t i v e  va lues  of e and /e/ and of Q* w and /e/w are taken t o  
i n d i c a t e  t h e  presence of e r r o r  t h a t  t h e  s u b j e c t s  w e r e  unaware o f .  

These  measurements w e r e  produced i n  both abso lu te  and r e l a t i v e  f o r m s .  
I n  t h e  l a t t e r ,  the  effect  of s u b j e c t  d i f f e r e n c e s  w a s  removed. These  
va lues  are shown f o r  t h e  var ious t reatment  combinations i n  Figures 
4 through 7 f o r  absolu te  e r r o r  /e/ only. The p u r p o s e  of present ing  
these graphs i s  t o  i l l u s t r a t e  t he  fac t  t h a t  as t r a i n i n g  progresses  
t h e  r a t i o  of t a s k  d i f f i c u l t y  as a func t ion  of number of a s soc ia t ed  
t a s k s  approaches uni ty .  This phenomena w a s  a l s o  ev ident  f o r  t h e  
o t h e r  methods of m e a s u r e m e n t ,  bu t  i t  was  no t  regarded as necessary 
t h a t  they be presented here .  

I n  Figures 8 through 31, t h e  d i f f i c u l t y  of t h e  treatntent condi t ions  
i s  shown f o r  t h e  abso lu te  values of t h e  d a t a .  A s  an a d d i t i o n a l  con- 
venience,  t h e  resalts are broken down i n t o  blocks of  f i v e  days each. 
O f  t h e s e  f i g u r e s ,  t he  f i r s t  s i x  p e r t a i n  t o  r o l l ,  t h e  second s i x  t o  
p i t c h ,  e tc .  Each method o f  measurement i s  given a s e p a r a t e  graph. 
With r e spec t  t o  these  curves ,  t h e  fol lowing observa t ions  a r e  p e r t i -  
nent .  

P i t c h  and r o l l  show systematic  improvement through t h e  f i f t e e n  days 
of t e s t i n g .  There i s  evidence, however, t h a t  t h e  s lopes  of t he  curves 
tend t o  a t t e n u a t e  as t h e  experiment progresses .  

Yaw shows improvement during the  f i r s t  t e n  days,  but l i t t l e  t h e r e -  
a f t e r .  
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Figure  4 
under which p i t c h  was present  f o r  t h e  f i f t e e n  days of t e s t i n g .  

A b s o l u t e  error ( r e l a t i v e  s c o r e s )  f o r  t h e  e i g h t  c o n d i t i o n s  
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Figure  5 
under which r o l l  was prssent  f o r  t h e  f i f t e e n  days  o f  t e s t i n g .  

Abso lute  error ( r e l a t i v e  s c o r e s )  f o r  t h e  e i g h t  c o n d i t i o n s  
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Figure  6 
under which yaw was present f o r  t h e  f i t e e n  d a y s  of t e s t i n g .  

A b s o l u t e  e r r o r  ( r e l a t i v e  s c o r e s )  for t h e  e i g h t  c o n d i t i o n s  
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Figure  7 Absolute  e r r o r  ( r e l a t i v e  s c o r e s )  f o r  t h e  e i g h t  c o n d i t i o n s  
under which a l t i t u d e  was p r e s e n t  for  t h e  f i f t e e n  d a y s  o f  t e s t i n g .  

23 



I dq. 1-5 
ds. 610 

0 dq. 1-5 
A 610 
0 dq. ll-15 

0 +s 1-5 
A- 6-10 
Q ll-ls 

24 



A d q s  o d q .  1-5 6-10 

0 dq.. u-l.5 

I .  
P P P P P P P P  

R I I R I R A L l R L l  
WNDITIOY 

Fiplrc 13 InfficicncFCnfor the eisht corditions of Pitch. 

25 



L R P  R R . R  R 
P I A F f P A I A P l A  

R E  

comma 

26 

95 

15 

/-/. 

55 

35 



o d q s  1-5 
Adqs  b W  
Qdo. 11-15 

3Wr 

1 
I 

I 
I 
I 

r i 
100 

P R A @ P A  R L R P A  

3 l l  

2u 

.2 

lx 

P 

96 

69 

/J. 

w 

15 

I 

I 

N 

27 



0 * 1-5 
o m  u-l5 
A m  6-l9 

o d o s  1-5 
A d s p  6-Lo 
0 dy. u-15 

28  



0- 1-5 
AaOlblO 
naor 11-u 

uj 

F i w e  30 Inrfficieu, for tb e i p t  C D l l d i t i o u  of al t i td . .  

29 



I 

I 
I 
I 
I 
I 
1 
8 
I 
I 
I 
0 
I 
t 
1 
I 
I 
1 

I 
Improvement on a , l t i t u d e  cont ro l  tends t o  be e r ra t ic  depending 
upon t h e  t es t  condi t ions  and t h e  type of  measurement. 

General ly ,  t h e  measurements of i n e f f i c i e n c y  are less e r r a t i c  than 
are t h e  measurements o f  error.  

A s  compared t o  the  o t h e r  cont ro l  parameters,  a l t i t u d e  shows l a r g e  
f l u c t u a t i o n s .  

The presence of a l t i t u d e  adversely affects p i t c h  c o n t r o l .  S i m i l a r l y ,  
t h e  presence of p i t c h  d i s r u p t s  a l t i t u d e  con t ro l .  A corresponding 
r e l a t i o n s h i p  i s  a l s o  t o  be found between r o l l  and yaw.) 

In  Figures 32 through 1 2 7 ,  comparison i s  made of each e r r o r  curve 
w i t h  i t s  complimentary i n e f f i c i e n c y  curve. Since these' are based 
upon d i f f e r e n t  manipulations and s i n c e  the  reading of a vol tage  i n  
analog recording i s  an a r b i t r a r y  matter only t h e  r e l a t i v e  s lopes  
of t h e s e  curves are t o  bei regarded as having importance. 

Despi te  t h e  f a c t  t h a t  t h e  e r r o r  and i n e f f i c i e n c y  func t ions  are 
q u i t e  s i m i l a r ,  a bas i c  d i f f e rence  w a s  found t o  p r e v a i l ,  This i s  
shown i n  Figures  1 2 8  through 159 where t h e  F r a t i o s  obtained from 
t h e  48 analyses  of va r i ance  (2 s u b j e c t  sources  x 4 c o n t r o l  parame- 
ters x 6 measurements) are i l l u s t r a t e d -  It i s  ev ident  from t h e s e  
graphs t h a t  t h e  var iances  due t o  t rea tments  and days of t e s t i n g  are 
u s u a l l y  s i g n i f i c a n t  f o r  a l l  parameters and f o r  a l l  measurements. 
S ince  this w a s  no t  unexpected, t h e  r e s u l t s  are presented i n  a form 
t h a t  w i l l  enable  t h e  reader' t o  judge t h e  r e l a t i v e  s i g n i f i c a n c e  of 
t h e  d i f f e r e n c e s  obtained i n  the  e r r o r  measurements and t h e  i n e f f i -  
c iency  sco res .  

The f i r s t  e i g h t  of t h e s e  graphs p e r t a i n  t o  t h e  p i l o t  d a t a  while 
t h e  remaining 24  relate t o  t h e  non-p i lo t  r e s u l t s .  Since only one 
day of t e s t i n g  w a s  accomplished on the  former,  t h e  v a r i a b l e  of day 
w a s  n o t  obtained. The F r a t i o s  f o r  t h e  t reatment  v a r i a b l e  w e r e  
ob ta ined  using t h e  pooled mean square  e r r o r  der ived  from t h e  sub- 
j e c t  and s u b j e c t  x t reatment  i n t e r a c t i o n  as t h e  denominator. The 
s u b j e c t  v a r i a b l e  was tested using t h e  s u b j e c t  x tr'eatment i n t e r -  
a c t i o n  alone.  In  these  analyses ,  t h e  v a r i a b l e s  of  t r ea tmen t s ,  
s u b j e c t s  and t reatments  x s u b j e c t s  w e r e  given 7 ,  14 and 98 degrees 
of freedom respec t ive ly .  

I n  t h e  non-pi lot  d a t a ,  a l l  first order  i n t e r a c t i o n s  as w e l l  as t h e  
s u b j e c t  v a r i a b l e  w e r e  t r e a t e d  using the  second order  i n t e r a c t i o n  
( s u b j e c t  x day x condi t ion)  as t h e  e r r o r  term. These w e r e  then  
pooLed t o  test t h e  day and treatment v a r i a b l e s .  In  t h e s e  apa lyses ,  
1 ,799  degrees  of freedom were exe rc i sed  being d iv ided  i n t o  14, 14 
and 7 degrees of freedom f o r  t h e  primary effects.  

The primary f ind ing  here is t h a t @  tends  t o  prodnce a higher  be2 
tween-conditions F r a t i o  than does /e/ and /e/ i s  h igher  than  e . 
A t  t h e  s a m e  t i m e ,  however, the s i g n i f i c a n c e  of t h e  between s u b j e c t  
d i f f e r e n c e s  i s  reversed  wi th  e' being the h ighes t .  

30 



S i m i l a r l y ,  t h e  measures of i ne f f i c i ency  produced a g r e a t e r  s i g n i f i -  
cance t o  t h e  d i f f e rence  between condi t ions  than d i d  t h e  e r r o r  s co res .  
Again, t h i s  w a s  made possible  by a, less s i g n i f i c a n t  d i f f e r e n c e  i n  
the  between s u b j e c t  comparisons. 
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V I .  DISCUSS I O N  

From t h e  r e l a t i v e  scores  shown i n  Figures 4 t h r o u g h  7 ,  i t  could 
be hypothesized t h a t  w i t h  continued t r a i n i n g ,  t h e  prof ic iency  on 
a t a s k  i n  combination w i t h  o t h e r  t a s k s  approaches the  l e v e l  of 
p ro f i c i ency  exh ib i t ed  by t h e  task  when given alone.  
t a s k  combinations had not  a l l  achieved t h e  same l e v e l  a t  t h e  end 
of  f i f t e e n  days of t r a i n i n g ,  n e i t h e r  had they  become a b s o l u t e l y  
asymptotic.  This hypothesis would obviously be of l i m i t e d  v a l i -  
d i t y  and u t i l i t y ,  however, s ince  i t  could not  be t r u e  f o r  a very 
l a r g e  number of t a s k s ,  and s ince t h e  t r a in ing  requi red  before  
e q u a l i z a t i o n  was reached, i t  could be very g r e a t .  For a l i m i t e d  
number of t a s k s ,  however, i t  could prove a use fu l  r u l e  as a guide 
i n  problems of t r a i n i n g  and design s i n c e  i t  would make i t  unnec- 
essary t o  t e s t  a l l  t a sks  i n  combination with one another  before  
j u d g i n g  t h e  eventua l  prof ic iency  t h a t  would be a t t a i n e d  on each. 

Although the  

Manifest i n  these da ta  (see F i g u r e s  8 through 31)  i s  t h a t  some 

o t h e r s  do not .  In  t h e  present i n s t a n c e ,  t h i s  i s  most  ev ident  i n  
t h e  case  o f  p i t c h  and a l t i t u d e  c o n t r o l ,  a l though a s i m i l a r  syner- 
g i s t i c ' r e l a t i o n s h i p  can be found between r o l l  and yaw. r h i s  i l l u s -  
t r a t e s ,  as w e l l  as anything can, t h e  d i f f i c u l t y  of p r e d i c t i n g  per-  
formance a s  a simple funct ion of t h e  number of t a s k s .  It i s  un- 
l i k e l y  t h a t  t h e s e  in s t ances  of c o n f l i c t  can be a n t i c i p a t e d  p r i o r  
t o  t e s t i n g .  In  t h e  p re sen t  case, i t  i s  l i k e l y  t h a t  t he  d i f f i c u l t y  
i s  conceptual  r a t h e r  than due t o  e i t h e r  s t i m u l u s  o r  response d i f -  
f e r e n t i a t i o n .  Even non-pilots a n t i c i p a t e d  a change i n  p i t c h  and 
t h i s  a s s o c i a t i o n  w a s  d i f f i c u l t  t o  overcome, a l though these  parame- 
t e r s  w e r e  independently r e l a t e d  i n  t h e  present  experiment. 

* - -  ~ d s k s  prodme  a d e b i l i t a t i n g  i n t e r a c t i o n  with one another  while 

It i s  i n t e r e s t i n g  that f o r  d i f f e rences  between t rea tments  t h e  s t a n -  
dard d e v i a t i o n  proved t o  be the most s e n s i t i v e  o f  t h e  e r r o r  m e a s u r e -  
ments and t h a t  t h e  squared e r r o r  tended t o  produce t h e  l o w e s t  d i f -  
fe rence  among t h e  F r a t i o s .  This w a s  l a r g e l y  achieved due t o  the  
f a c t  t h a t  t he  between subjec t  va r i ance  w a s  lower f o r  t h e  former 
measurement. Th i s  i s  i n t e r p r e t e d  t o  mean t h a t  t h e  s t anda rd  devia- 
t i o n  w a s  i n  c l o s e r  correspondence wi th  t h e  s u b j e c t ' s  percept ion  of 
e r r o r  than  t h e  o the r  measurements w e r e .  These e f f e c t s  w e r e  common 
t o  b o t h  p i l o t  and non-p i lo t  s u b j e c t s .  This should n o t  be taken t o  
i n d i c a t e  an unqual i f ied  endorsement of  t h e  s tandard  d e v i a t i o n  as 
a measure of e r r o r ,  s i n c e  i t  i s  l i k e l y  t h a t  any number of o t h e r  
func t ions  could be cont r ived  which would prove as s a t i s f a c t o r y .  

Experiments s e r v e  many purposes. In f r equen t ly ,  but  occas iona l ly ,  
a s t u d y  i s  made i n  which a novel o r  unsuspected phenomenon i s  re- 
vealed.  More o f t e n ,  experiments e s t a b l i s h  q u a n t i t a t i v e  values  f o r  
e f f e c t , s  t h a t  are known t o  e x i s t ,  but  which have not  been sys temat i -  
c a l l y  descr ibed .  S t i l l  more f r e q u e n t l y ,  s t u d i e s  merely s e r v e  t o  
c l a r i f y  ones th inking  about t he  problem Phus enabl ing  subsequent 
workers t o  s t a t e  the  questions i n  more r a t i o n a l  t e r m s .  
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While t h e  present  work may lay some c l a i m  t o  each of t hese  c a t a -  
g o r i e s ,  it should be confessed t h a t  i t s  con t r ibu t ion  i s  more one 
of c l a r i f i c a t i o n  than of discovery.  The o r i g i n a l  i n t e n t  w a s  t o  
c o l l e c t  da ta  i n  such a manner t ha t  some mathematical express ion  
could be w r i t t e n  i n  desc r ip t ion  of performance as i t  v a r i e s  with 
t a s k  loading. On t h e  face  of i t ,  t h i s  appeared t o  be a s t r a i g h t -  
forward ob jec t ive  r equ i r ing  scrupulous care i n  t h e  c o l l e c t i o n  of 
t h e  d a t a  and some s o p h i s t i c a t i o n  i n  t h e  development of t h e  mathe- 
ma t i ca l  model. When ana lys i s  w a s  a t tempted,  however, t he  bas i c  
concepts of t h e  s tudy begin t o  appear more nebulous than  w a s  o r i g -  
i n a l l y  supposed. Without s e l f  c a s t i g a t i o n ,  i t  can perhaps be s a i d  
t h a t  a thought fu l  experimenter would have recognized t h i s  from t h e  
beginning. Without undue r a t i o n a l i z a t i o n ,  however, i b  can a l s o  be 
s a i d  t h a t  t h e  present  experimenter was i n  good s c i e n t i f i c  company 
while  progressing toward a l o g i c a l  c u l  de  s a c .  

I t  now appears doubt fu l  i f  the not ion  of "task" has a great  dea l  
of u t i l i t y  o r  v a l i d i t y  i n  purely t h e o r e t i c a l  research .  The d i f f i -  
c u l t i e s  a r e  many. A s  pointed out  e a r l i e r ,  t h e  t e r m  i s  very  broad 
and may inc lude  anything from the  most simpie t o  the most compiex 
of behavior.  I n  some types of  r e s e a r c h ,  t h i s  might pose no pro- 
blem, but  when an attempt i s  made t o  combine t a s k s ,  i t  i s  necessary 
t o  d e f i n e  t h e  common u n i t s  of which t h e  t a sks  are c o n s t i t u t e d .  
Some approach couched i n  s t i m u l u s  response o r  s i g n a l  d e t e c t i o n  lan- 
guage would probably be f u t i l e  and c e r t a i n l y  labor ious  and d i s t a s t e -  
f u l .  Added t o  t h i s  t h e r e  i s  a spec ie s  of  c i r c u l a r i t y  i n  t h e  concept.  
In  a way t h a t  i s  p e c u l i a r  t o  i t se l f ,  t h e  idea  of "task" cannot e x i s t  
o u t s i d e  our method of measuring i t .  
without r e fe rence  t o  va lues  o r  t o  v o l i t i o n a l  elements but  t h e  not ion  
of "task" c l e a r l y  impl ies  purpose a s  w e l l  as judgment wi th  r e s p e c t  t o  
a c r i t e r i a .  r h i s  would no t  be troublesome w e r e  i t  not  f o r  t h e  fac t  
t h a t  t h e  c r i te r ia  e s t ab l i shed  by t h e  exper imenter ' s  a n a l y s i s  i s  a l -  
most c e r t a i n l y  d i f f e r e n t  from t h a t  accepted by t h e  s u b j e c t .  It i s  
not  ve ry  use fu l  t o  speak o f  performance i f  we  mean by t h a t  t e r m  
something o t h e r  than  t h e  d i f f e r e n c e  between t h e  s u b j e c t ' s  behavior 
and how he in t ends  t o  behave. On t h e  o t h e r  hand, i f  every  s u b j e c t  
i s  allowed t o  produce h i s  own c r i t e r i a ,  w e  are faced w i t h  t h e  anar-  
chy of r e l a t i v i s m  t h a t  i s  euphemis t ica l ly  r e f e r r e d  t o  as p i l o t  judg- 

Some behavior  can be descr ibed  

ment. 

In  t h e  opinion of t h e  present  experimenter,  t h e r e  i s  no s a t i s f a c t o r y  
r e s o l u t i o n  t o  t h i s  dilemma wi th in  t h e  contex t  of "pure" research .  
The problem becomes real only when t h e  cr i ter ia  app l i ed  i s  pragmati- 
c a l l y  w e l l  grounded. This i s  t o  say  t h a t  i t  must be r e a l i s t i c a l l y  
based upon s u c h  obvious things as s a f e t y  of f l i g h t ,  p r o b a b i l i t y  of 
mission success, etc.  These values  m u s t  be recognized by t h e  sub- 
j e c t  as c l e a r l y  as they  are by t h e  experimenter.  Experimental con- 
c lus ions  based upon such measures as abso lu te  e r r o r  and mean square  
e r r o r  have l i t t l e  p lace  i n  an  app l i ed  problem. The e r r o r  scale 
should be t a i l o r e d  t o  f i t  the  t a s k .  

From t h e  present  a n a l y s i s  there  i s  evidence t h a t  t h e  i n e f f i c i e n c y  
i n d i c e s  are of g r e a t e r  va lue  i n  t h e  assessment of performance t h a n  
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a r e  t h e  e r r o r  s co res .  T h i s  is p l a u s i b l e  consider ing t h e  f a c t  
t h a t  t hey  a r e  t h e  product of e r r o r  and s u b j e c t  a c t i v i t y .  In  a 
sense ,  t h e  s u b j e c t  eva lua te s  himself by t h e  amount of work he i s  
doing. It  w i l l  be recognized, however, t h a t  t hese  a r e  r a t h e r  
crude e s t ima tes  of i ne f f i c i ency  s i n c e  t h e y  only r e f l e c t  ra te  of 
con t ro l  movement w h i c h  i s  not e s p e c i a l l y  w e l l  c o r r e l a t e d  w i t h  
work performed. One m i g h t  be l e d  t o  conclude t h a t  a c c e l e r a t i o n  
of c o n t r o l  movements would prove t o  be t h e  b e s t  r e fe rence  t o  sub- 
j ec t  a c t i v i t y .  From a p u r e l y  mechanical viewpoint,  t h i s  i s ,  of 
c o u r s e ,  c o r r e c t  but more than s i m p l e  mechanics i s  involved. A 
s u b j e c t  may r e p o r t  being exhausted a f t e r  an i n t e r v a l  i n  a t rack-  
ing  s i t u a t i o n  d e s p i t e  t h e  f a c t  t h a t  t h e  phys ica l  work performed 
was n e g l i g i b l e .  It seems evident t h a t  work i n  t h i s  case r e l a t e s  
more t o  t h e  perceptual-cognitive-emotional processes than i t  does 
t o  muscular a c t i v i t y  although some of each may be involved. Let 
us  s u p p o s e  w e  c a l l  t h i s  complex "psychological work." W e  a r e  now 
l e f t  w i t h  t h e  ques t ion  of how we go about measuring i t .  The most 
manifest  t h ing  about i t  i s  tha t  i t  produces a high ra te  of dec i s ion  
making. Even i n  a s i m p l e  t racking  t a s k ,  t h e  s u b j e c t  makes dec i s ions  
a t  a r ap id  r a t e .  The r e s u l t  o f  each dec i s ion  i s  t o  make an inpu t  
of a q u a n t i t y  that may vary from zero t o  t h e  l i m i t  of anatomical-  
phys io logica l  t o l e rance .  The f o r c e  of t he  inpu t  would n o t ,  however, 
c o r r e l a t e  p a r t i c u l a r l y  w e l l  with the  not ion  o f  psychological work. 
An i n p u t ,  whatever i t s  magnitude, i s  u n i t a r y ,  being t h e  response t o  
a s i n g l e  dec i s ion .  

A b e t t e r  measurement would appear t o  be t h e  r a t e  of change of acce l -  
e r a t i o n .  Assuming t h a t  t h e  c o e f f i c i e n t  o f  f r i c t i o n  does n o t  vary  
wi th  t h e  ra te  of c o n t r o l  movement, i t  can be s a i d  t h a t  changes i n  
a c c e l e r a t i o n  i n d i c a t e  changes i n  percept ion  o r  dec i s ion .  A measure-  
ment of t h i s  parameter should consequently provide t h e  b e s t  measure- 
ment of psychological  work. The sum of  t h e  products of t he  momentary 
values  of t h e  r a t e  of change of acceleirat ion and t h e  pragmatic e r r o r  
s c o r e  should produce a reasonable estimate of i n e f f i c i e n c y .  
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V I  I * SUMMARY 

A n  experiment was conducted i n  which fou r  ( r o l l ,  p i t c h ,  yaw and 
a l t i t u d e  c o n t r o l )  t racking tasks w e r e  presented i n  a l l  poss ib l e  
combinations w i t h  one another .  The i n t e n t  o f  t h e  s tudy  w a s  t o  
c o n t r i b u t e  t o  an  understanding of how performance i s  a f f e c t e d  as 
t h e  t a s k  loading i s  increased.  F i f t e e n  p i l o t s  and f i f t e e n  non- 
p i l o t  s u b j e c t s  w e r e  used. A h e l i c o p t e r  s imula tor  mounted on a 
dynamic platform was used as the p r i n c i p l e  apparatus  of t h e  s tudy .  
Information concerning the  con t ro l  parameters w a s  t r ansmi t t ed  t o  
t h e  s u b j e c t  v i a  t h e  Norden v e r t i c a l  contac t  analog d i sp lay .  Momen- 
t a r y  e r r o r  and con t ro l  pos i t i on  w e r e  recorded on magnetic tape .  

S ix  b a s i c  manipulations w e r e  performed on t h e  d a t a .  R e s u l t s  w e r e  
presented i n  terms of absolu te  e r r o r ,  squared e r ro r  and t h e  s t a n -  
dard d e v i a t i o n  about t h e  mean e r r o r .  In  a d d i t i o n ,  i n d i c e s  of sub- 
j e c t  i n e f f i c i e n c y  were produced by ob ta in ing  the  products of each 
e r r o r  w i t h  t h e  r a t e  of cont ro l  movement. 

The fol lowing conclusions a r e  t o  be drawn from t h e  d a t a :  

1. W i t h  t r a i n i n g ,  prof ic iency  on a t a s k  i n  t h e  
presence of o ther  t e sks  approached t h e  pro- 
f i c i e n c y  exh ib i t ed  on t h e  t a s k  presented a lone .  

2. Although e r r o r  decreased w i t h  experience i n  a 
nega t ive ly  acce le ra t ed  manner, t h e  amount of 
work accomplished i n  t h e  performance of t he  
t a s k  d i d  not  show a concomitant decrease.  

3 .  C e r t a i n  t a s k s  ( p i t c h  and a l t i t u d e  c o n t r o l  w i l l  
s e rve  as an example) when combined tended t o  
i n t e r f e r e  with one another .  O t h e r s  d i d  not  
show t h i s  i n t e r f e rence .  I'his i n d i c a t e s  t h a t  i t  
i s  impossible t o  p r e d i c t  performance as a simple 
func t ion  of t h e  number of t a s k s  t h a t  are combined, 
I n  the  p re sen t  i n s t a n c e ,  t h i s  i n t e r f e r e n c e  appears  
t o  be due more to  pe rcep tua l  than  t o  manual con- 
t r o l  d i f f i c u l t i e s .  

4. Among t h e  e r r o r  s co res  the  s tandard  d e v i a t i o n  pro-  
duced the  most  s i g n i f i c a n t  d i f f e r e n c e  between con- 
d i t i o n s  o f  measurement. The squared e r r o r  produced 
the  l e a s t .  A s  these  measu res  r e l a t e d  t o  s u b j e c t  
d i f f e r e n c e s  , however, t h i s  o rde r  w a s  reversed .  

The i n d i c e s  o f  i n e f f i c i e n c y  produced a more s i g n i -  
f i c a n t  d i f f e rence  between experimental  condi t ions  
than d i d  e r r o r  s co res .  Th i s  aga in  was reversed 
with r e fe rence  t o  s u b j e c t  d i f f e r e n c e s .  

5 .  

6 .  The r e s u l t s  of t he  t r ack ing  s tudy w e r e  g r e a t l y  a f -  
f e c t e d  by t h e  s c a l e  of measurement used. I t  was 
concluded the re fo re  t h a t  t h e  s c a l e  chosen should 
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conform r e a l i s t i c a l l y  t o  t h e  s a f e t y  and u t i l i t y  
f a c t o r s  of  t h e  v e h i c l e  s i m u l a t e d .  
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